Autophagy is a cellular pathway involved in protein and organelle degradation. It is relevant to many types of cellular homeostasis and human diseases. High level of glucose is known to inflict podocyte injury, but little is reported about the relationship between high concentrations of glucose and autophagy in these cells. The present study demonstrates that high glucose promotes autophagy in podocytes. Rapamycin further enhances this effect, but 3-methyadenine inhibits it. The proautophagic effect of high glucose manifested in the form of enhanced podocyte expression of LC3-2 and beclin-1; interestingly, antioxidants such as NAC were found to inhibit high glucose-induced autophagy. High glucose induced the generation of ROS by podocytes in a timedependent manner. High glucose also enhanced podocyte expression of MnSOD and catalase. These findings indicate that high glucose-induced autophagy is mediated through podocyte ROS generation.
Introduction
The glomerular filtration barrier (GFB) is a special structure characterized by a complex 3-dimensional framework of podocytes and endothelial cells. Podocytes form interdigitating foot processes, which envelop the glomerular capillaries [1, 2] . Podocytes are highly differentiated cells and play an important role in the pathogenesis of certain renal diseases. Both podocyte injury and loss are key factors in the development of glomerular diseases and progression of renal failure. The podocyte is the primary glomerular target of toxic, immune, metabolic and oxidant stress. Recent studies have indicated that podocyte injury is a common trigger leading to virtually all forms of glomerulopathies in general, and their role in the development of diabetic nephropathy (DN) is pivotal in particular [3] [4] [5] [6] [7] [8] .
Podocytes, as an important component of the GFB, are often exposed to various damaging factors, which have the potential to induce oxidative stress and/or DNA damage [9, 10] . If a cell is exposed to cytotoxic or phlogogenic macromolecules, it has tendency to form autophagosomes to contain damaged proteins and organelles; DNA injury is often associated with the stimulation of DNA synthesis-either to repair DNA molecules or to provide material for cell division [11, 12] . Podocyte, as a terminally differentiated cell, is dependent for its survival on efficient sequestration of unwanted or damaged proteins and organelles into autophagosomes [13] . If the insult is overwhelming, it may undergo apoptosis without attempting autophagic support [14] .
Eukaryote cells carry two major protein degradation pathways-ubiquitin-proteasome system (UPS) and autophagy [15] . Both of these pathways are responsible for the efficient degradation and turnover of proteins within the cell. Failure of either the UPS or autophagy has been associated with disease manifestation, while the upregulation of these processes has been shown to ameliorate certain disease entities [15, 16] . The podocyte is one of the more long-lived post-mitotic cells. Highly differentiated cells, such as neurons and cardiomyocytes, rely on autophagy for quality control among proteins and organelles.
Autophagy and apoptosis are two processes through which injured and aged cells or organelles are eliminated [17] [18] [19] [20] [21] . The same stimuli can induce either autophagy or apoptosis depending on the threshold [17] . Autophagy not only plays a principal role in the supply of nutrients for cell survival, but also plays a constitutive role in cellular homeostasis, where it acts as a cytoplasmic quality control mechanism to eliminate old or unfolded proteins and damaged organelles [18, 20, 21] . Apoptosis also removes damaged or unwanted cells. Autophagy is a mode of stress adaptation that in general suppresses apoptosis. Under other conditions, autophagy provides another pathway to cell death and is described as programmed cell death (PCD) type II. Recent reports have suggested that autophagy is upregulated and plays a protective role in kidney disease [22] . One possible mechanism for how autophagy protects cells is that it may eliminate damaged mitochondria, which leads to mitochondrial outer membrane permeabilization and consequent apoptosis. Autophagy involves sequestration of proteins and cell organelles in autophagosomes, which directs them to lysosomes [23] . The formation of autophagosomes is dependent on the induction of several genes including LC3, beclin-1, and atgs [24] .
The factors involved in the pathogenesis of diabetic nephropathy are multifaceted [25] . Some of these factors involve imbalances between pro-and anti-free-radical processes and the formation of excessive free radicals in the kidney [26] . The effect of high levels of glucose on the growth of podocytes has been evaluated previously in in vitro studies [10, 27, 28] . The relationship between ROS and autophagy is also well established. ROS are known to induce autophagy. Autophagy, in turn, affects ROS production. High levels of mitochondrial ROS damage the mitochondrial membrane and associated increased mitochondrial membrane permeabilization; the latter causes ROS leakage into the cytosol and damage to other organelles [29] . Autophagy selectively targets and removes these obsolete organelles (damaged mitochondria and ER proteins) and thus, limits ROS amplification [30] .
In the present study, we evaluated the effects of high glucose on the induction of autophagy in mouse podocytes. We also studied the mechanisms involved in high-glucose-induced podocyte autophagy.
Materials and methods

Animals
All work with rats was approved by the Animal Ethics Committee of Wuhan University, Hubei, China and was performed in accordance with the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health. 16 male SD rats weighing between 170 and 200 g were purchased from Hubei Research Center of Experimental Animals and were maintained at a controlled temperature (23±1 °C) and humidity (55±5%) under an artificial light cycle, with a free access to tap water and standard rat chow. Rats were randomly divided into diabetic group and control group (with 8 rats per group). Diabetes was induced by a single dose of streptozotocin (STZ, 65 mg/kg, intraperitoneal) in rats. Age-matched control rats received an equal volume of vehicle (0.1 M citrate buffer, pH 4.5). 48 h after injection of STZ, the blood glucose level was measured from the tail vein. Rats with a blood glucose level over 16.7 mmol/L were considered as diabetic rats. Rats were kept in individual metabolic cages for 24 h urine collection at the end of 8 weeks after STZ. Urine was centrifuged (1000 rpm, 10 min) at 25 °C. Whole urine was stored at −70 °C and thawed just before use. At the end of 8 week after STZ, Urinary albumin excretion (UAE) was measured using an ELISA Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Blood hemoglobin A1c (HbA1c) levels were measured by the latex agglutination. At the end of the study, rats were anesthetized with pentobarbital sodium and the blood samples were taken through the abdominal aorta for measuring biochemical parameters, including blood urea nitrogen (BUN) and creatinine (Cr), by an automatic biochemistry analyzer (Hitachi Model 7600, Japan). Animals were then killed and the kidneys were harvested immediately. At sacrifice, the weight of left kidney was calculated, the relative weight (%) was calculated using body weight at sacrifice. One part of the kidney was fixed in 2% glutaraldehyde, followed by epoxy resin embedding for electron microscopic studies.
Cell culture
Conditionally immortalized murine podocytes-Conditionally immortalized murine podocytes (CIMPs) were provided by Dr. Peter Mundel (Mount Sinai School of Medicine, New York, NY, USA). The cells were maintained in RPMI 1640 medium (HyClone, USA) containing 10% heat-inactivated fetal calf serum (Gibco, USA), 100 U/ml penicillin G, and 100 μg/ml streptomycin in the presence of 5% CO 2 . To sustain podocyte proliferation, 10 U/ ml recombinant murine interferon-γ (Sigma, USA) was added into the medium and the cells were maintained at 33 °C. To induce differentiation, podocytes were cultured at 37 °C without interferon-γ for 10-14 days. Podocytes from passages 15-25 were used in the present study. All experiments were performed on differentiated podocytes.
Evaluation of autophagy using electron microscopy-CIMPs treated with normal level of glucose (5 mM) and high level of glucose (30 mM) were washed and fixed with 2% glutaraldehyde, buffered with 0.05 M Na cacodylate (pH 7.3). After fixation, the cells were prepared for electron microscopy (EM). During EM studies, 10 cytoplasmic fields per grid were randomly captured per cell. The autophagosomes were labeled and measured using the ruler provided. The numbers of autophagic vacuoles were counted by two observers, and data were recorded. In estimating the size of the autophagic vacuoles, the measurement along the largest diameter was taken and recorded.
Detection of GFP-LC3 overexpression and autophagy-CIMPs were incubated to subconfluence on 6-well plates and then transfected with GFP-LC3 plasmid DNA (InvivoGen) for 36 h. Transfection was carried out with Lipofectamine 2000 (Invitrogen) per the manufacturer's recommendation, and 4 μg/ml GFP-LC3 plasmid DNA was used for each plate. The GFP-LC3-transfected cells were treated with normal glucose (5 mM) and high glucose (30 mM) conditions. Microphotographs of GFP-LC3 labeled cells were taken using fluorescence microscopy.
Evaluation of autophagic vacuoles by monodansylcadaverine-CIMPs were subcultured in 6-well plates and were grown to 40% confluence. The cells were then treated with either normal glucose (5 mM) or high glucose (30 mM) for 24 h. The cells were then treated with monodansylcadaverine (MDC) at a concentration of 0.05 mmol/L for a period of 15 min. Then cells were washed with PBS (4 times for 5 min each) and immediately examined under a confocal microscope at excitation wavelength of 330 nm and emission wavelength of 515 nm.
Evaluation of autophagic vacuoles by acridine orange-CIMPs were grown to subconfluence in 6-well plates and incubated in medium containing either normal glucose (5 mM) or high glucose (30 mM) for various time periods. In parallel series of experiments, CIMPs were treated under control (normal glucose) and experimental conditions (high glucose) for 24 h. At the end of the incubation period, cells were treated with 5 μg/mL acridine orange (Sigma) in serum-free medium for 15 min. Then the cells were washed 4 times in PBS and examined under a confocal microscope. The occurrence of autophagy was graded semiquantitatively (1+ to 4+; number of orange vacuoles and intensity of orange fluorescence) by two observers unaware of the experimental conditions. A total of 200 cells were counted for each variable.
Determination of reactive oxygen species kinetics in CIMPs-The kinetics of reactive oxygen species (ROS) metabolism in CIMPs was determined by measuring the fluorescent signal from the redox-sensitive fluoroprobe 2′,7′-dichlorofluorescein diacetate (DCFDA) at multiple points in time. DCFDA is a non-fluorescent molecule that becomes fluorescent in the presence of a wide variety of ROS, including superoxide anion and hydroxyl radicals [31] . Briefly, CIMPs were grown in 6-well plates in phenol red-free DMEM. Cells were washed in PBS, and DCFDA (10 mM) in serum-free medium was added for 40 min at 37 °C. Then cells were washed with phenol red-free DMEM, followed by addition of either normal glucose (5 mM) or high glucose (30 mM), and DCF fluorescence was detected at the indicated points in time using a Fluorescence Multi-Well Plate Reader CytoFluor 4000 (PerSeptive Biosystems) set for excitation at 485 nm and emission at 525 nm. The intensity of the fluorescent signal was calculated with the equation (Ft−F0)/F0×100 [32] . Here Ft indicates fluorescence and F0 is baseline fluorescence.
Western blotting studies-Control and experimental CIMPs were washed at the end of the incubation period, and cells were harvested and lysed in RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris, pH 8.0) with protease and phosphatase inhibitors, and centrifuged at 12,000 rpm for 20 min at 4 °C. Then the protein samples were mixed with loading buffer and boiled at 95-100 °C for 5 min. Total protein extracts (20 μg/lane) were separated on a 15% polyacrylamide (PAGE) premade gel (Bio-Rad, Hercules, CA, USA) and transferred onto a nitrocellulose membrane with a Bio-Rad miniblot apparatus. Nitrocellulose membranes were then processed further for immunostaining with primary antibodies against beclin-1 (1:500, Cell Signaling Technology), LC3-2 (1:1000, sigma), MnSOD (1:1000, Stressgen) and catalase (1:1000, Epitomics) and then with the appropriate horseradish peroxidaselabeled secondary antibodies. The blots were developed with a chemiluminescence detection kit (Pierce) and exposed to X-ray film (Eastman Kodak, Rochester, NY, USA). Equal protein loading and the protein transfer were confirmed by immunoblotting for actin protein using a polyclonal B-actin antibody (1:1000, Santa Cruz Biotechnology) on the same Western blots.
Statistical analysis-Results are expressed as mean±SEM. Differences between two groups were analyzed by paired t-test, and multiple comparisons were evaluated by analysis of variance (ANOVA) and a Newman-Keuls multiple-range test was used to calculate the P value. Statistical significance was defined as P<0.05.
Results
Metabolic and physical parameters of rats in two groups are presented in Table 1 .
High glucose promotes autophagy
Renal cortical sections of two groups of rats were studied using EM. Representative electron microphotographs of podocytes in the control group and in the diabetic group are shown in Fig. 1a and b . The cumulative data of six sets of experiments are shown in Fig. 1c . Diabetic rats not only showed increased number of autophagosomes but also displayed larger size of autophagosomes when compared to control rats (P<0.001).
To determine whether high glucose promotes autophagy in podocytes, we incubated CIMPs in medium containing normal glucose (5 mM) and high glucose (30 mM) for 24 h (n=6). Subsequently, cells were studied using EM. Representative electron microphotographs of cells treated with normal glucose and those treated with high glucose are shown in Fig. 2a and b. The cumulative data of six sets of experiments are shown in Fig. 2c . Cells treated with high glucose not only showed larger autophagosomes but also presented a higher number of autophagosomes (P<0.001).
To demonstrate the effect of high glucose on podocyte autophagy, CIMPs were transfected with GFP-LC3 and then incubated in medium containing either normal glucose (5mM) or high glucose (30mM) for 24 h. At the end of the incubation period, cells were examined under a fluorescence microscope. Representative microphotographs are shown in Fig. 3a . Cells treated with high glucose showed larger numbers of bright fluorescent particles indicating the presence of GFP-LC3-labeled autophagosomes.
To confirm the occurrence of autophagy under control and experimental conditions, CIMPs were incubated in medium containing either normal glucose (5 mM) or high glucose (30 mM) for 24 h, They were then treated with MDC for 15 min. Subsequently, cells were washed and a fluorescence assay was performed using confocal microscopy. Representative microphotographs are shown in Fig. 3b . These findings indicate that high glucose induces autophagy in CIMPs.
Rapamycin enhances high glucose-induced autophagy
Rapamycin has been reported to enhance autophagosome formation in a variety of cells, including podocytes [33, 34] . We evaluated whether it could modulate high glucose-induced autophagy. CIMPs were incubated in medium containing either normal glucose (5 mM), high glucose (30mM), normal glucose+rapamycin (1 ng/mL), or high glucose+rapamycin (1 ng/mL) for 24 h (n=6). Subsequently, cells were stained with acridine orange and examined under a confocal microscope. Representative microphotographs of cells treated with normal glucose, high glucose, rapamycin+normal glucose, and rapamycin+high glucose are shown in Fig. 4a . Both high glucose and rapamycin promoted autophagosome formation in podocytes. However, rapamycin further enhanced high glucose-induced autophagosome formation. Cumulative data of six sets of experiments are shown in Fig. 4b. 
3-methyladenine inhibits high glucose-induced autophagy
3-methyladenine (3-MA) has been reported to inhibit autophagosome formation in podocytes [34] . To determine whether 3-MA can also inhibit high glucose-induced autophagy, CIMPs were incubated in medium containing normal glucose (5mM), high glucose (30mM), normal glucose+3-MA (2mM), or high glucose+3-MA (2 mM) for 24 h. Subsequently, cells were stained with acridine orange and examined under a confocal microscope. Representative microphotographs show the effects of 3-MA on high glucose-induced enhancement of autophagosome formation in Fig. 5a . Cumulative data of six sets of experiments are shown in Fig. 5b . Cells treated with high glucose showed an enhanced number of autophagosomes relative to control cells (P<0.05). However, this enhanced autophagic effect of high glucose was inhibited by 3-Ma.
High glucose enhances podocyte LC3-2 expression
To determine the effect of high glucose on LC3-2 expression by podocytes, CIMPs were incubated in medium containing normal glucose (5mM), high glucose (30 mM), H 2 O 2 (100 μM, positive control for autophagy), or normal glucose+L-glucose (normal glucose 5mM, L-Glucose 25mM, osmotic control for autophagy) for 24 h, followed by preparation of Western blotting and detection for LC3-2 or beclin-1. As shown in Fig. 6a and b, H 2 O 2 was found to enhance the conversion of LC3-1 to LC3-2 in CIMPs. Similarly, high glucose was found to promote expression of LC3-2 in podocytes. As shown in Fig. 7a and b, high glucose was found to promote expression of beclin-1 in podocytes, but high levels of Lglucose have no significant difference with normal glucose in expression of beclin-1 by podocytes.
Rapamycin enhances high glucose-induced LC3-2 and beclin-1 expression by podocytes
Once we established that rapamycin promotes high glucose-induced autophagy, we next determined whether the effect of rapamycin is associated with LC3-2 and beclin-1 expression by CIMPs. CIMPs were incubated in medium, containing either normal glucose (5mM) or high glucose (30 mM), rapamycin (1 ng/ml)+normal glucose, or rapamycin (1 ng/ ml)+high glucose for 24 h, followed by preparation of Western blotting and probing for LC3-2 and beclin-1. As shown in Fig. 8a and b, both high glucose and rapamycin enhanced conversion of LC3-1 to LC3-2 and beclin-1 by CIMPs. However, rapamycin further enhanced the effects of high glucose.
3-methyladenine inhibits high glucose-induced LC3-2 and beclin-1 expression by podocytes
3-methyladenine has been reported to inhibit autophagosome formation in podocytes. We asked whether the effect of 3-methyladenine is associated with LC3-2 and beclin-1 expression by CIMPs. CIMPs were incubated in medium, containing either normal glucose (5 mM) or high glucose (30 mM), normal glucose+3-MA (2 mM), or high glucose+3-MA (2 mM) for 24 h, followed by preparation of Western blotting and probing for LC3-2 and beclin-1. As shown in Fig. 9a and b. 3-methyladenine inhibited conversion of LC3-1 to LC3-2 and beclin-1 by CIMPs. The enhanced effect of high glucose was inhibited by 3-MA.
Role of oxidative stress in induction of CIMPs autophagy
To determine whether oxidative stress plays a role in the induction of autophagy, CIMPs were treated with either normal glucose (5 mM) or high glucose (30 mM) in the presence or absence of N-acetylcysteine (NAC, 50 μM) for 24 h. Subsequently, cells were stained with acridine orange and examined under a confocal microscope. Representative microphotographs of experiments are shown in Fig. 10a and cumulative data of experiments are shown in Fig. 10b . These results indicate that oxidative stress plays a role in high glucose-induced autophagy by CIMPs.
To confirm the role of oxidative stress in the induction of CIMPs autophagy, CIMPs were treated with either normal glucose (5 mM) or high glucose (30 mM) in the presence or absence of N-acetylcysteine (NAC, 50 μM) for 24 h. Subsequently, Western blots were probed for LC3-2, beclin-1 and actin. As shown in Fig. 11a and b, high glucose enhanced LC3-2 and beclin-1 expression by CIMPs. However, this effect of high glucose was partly inhibited by NAC. These findings confirmed that oxidative stress plays a role in high glucose-induced autophagy-associated gene expression.
High glucose enhances ROS generation by podocytes
To determine the effect of high glucose on podocyte ROS generation, CIMPs were incubated in serum-free medium containing DCFDA for 40 min, followed by incubation in medium containing either normal glucose (5 mM) or high glucose (30 mM) for 60 min, and ROS generation was recorded at the indicated time periods. As shown in Fig. 12 , high glucose enhanced ROS generation by CIMPs in a time-dependent manner.
High glucose enhances MnSOD and catalase expression in CIMPs
To confirm whether high levels of glucose can induce oxidative stress on podocytes, we evaluated the effect of high glucose on podocyte expression of MnSOD and catalase. CIMPs were incubated in serum-free medium containing either normal glucose (5 mM) or high glucose (30 mM) for 24 h, followed by preparation of cells for Western blotting and probing for MnSOD and catalase. As shown in Fig. 13a and b, high glucose-treated CIMPs showed enhanced expression of both MnSOD and catalase.
Discussion
Autophagy is a cellular pathway involved in protein and organelle degradation. It is connected to cellular homeostasis and human disease [15] . Autophagy was first described in the 1960s as a bulk degradation system that inactivates cell organelles, lipids, and protein components by the lysosomal pathway [35] . Autophagy has previously been shown to be essential to cell repair and turnover mechanisms for postmitotic cells such as neurons [15, 36] . Strikingly, in the kidney, glomerular podocytes most prominently display autophagic activity. Recent studies have shown that mice lacking Atg5 in podocytes exhibited strongly increased susceptibility to models of glomerular diseases. These findings highlight the importance of induction of autophagy as a key to the maintenance of podocyte integrity [22] .
In the present study, we observed the effects of high glucose on the induction of autophagy in podocytes. To quantitate the occurrence of autophagy, electron microscopic studies were carried out on podocytes of normal rats and diabetic rats and conditionally immortalized mouse podocytes (CIMPs) under normal and high glucose milieu. Podocytes of diabetic rats and CIMPs under high glucose milieu showed a higher numbers of autophagosomes per field than those of control groups. This enhanced effect of high glucose was further exacerbated by rapamycin and inhibited by pretreatment with 3-methyladenine, an inhibitor of autophagy. High glucose also enhanced podocyte expression of autophagic genes such as LC3-2 and beclin-1.
Podocytes are particularly susceptible to oxidative injury [37] . Because oxidative stress is often associated with autophagy induction [38] [39] [40] , we examined the effects of high levels of glucose on the generation of podocyte reactive oxygen species (ROS). High glucose milieu promoted the generation of ROS by podocytes in a time-dependent manner. To determine the relationship between high glucose-induced oxidative stress and induction of autophagy, we tested the effects of antioxidants on high glucose-induced autophagy. As expected, the enhanced effect of high glucose-induced podocyte autophagy was inhibited by antioxidants. We therefore conclude that high glucose promotes podocyte autophagy through the generation of ROS.
High glucose milieu has been reported to induce oxidative stress in a variety of renal cells [41] [42] [43] [44] . Several studies have shown the role of oxidative stress in the induction of autophagy [17] [18] [19] [20] [21] . Autophagy is a major homeostatic and quality control mechanism to maintain cellular integrity [15] . In the scenario of high glucose-induced oxidative stress, induction of autophagy may be required for the removal of damaged proteins and organelles. It shows that the induction of autophagy may be a default mechanism to prevent high glucose-induced podocyte injury.
Glucose has been reported to enhance the activation of renin angiotensin system (RAS) in podocytes [5, 6] . We reported earlier that Ang II enhanced augtophagy in podocytes [34] . This effect of Ang II was mediated through podocyte ROS generation. Although we have not evaluated the role of Ang II in glucose-induced autophagy in the present study, but it will be important to explore this aspect in the future.
Beclin-1 is an autophagic gene that can intervene at every major step in the autophagic pathways from autophagosome formation to autophagosome/endosome maturation. It is also considered to be a tumor suppressor gene [45, 46] . Its tumor-suppressive effects are associated with the induction of autophagy, which protects the cell from DNA damage. Reduced autophagy would lead to chromosomal aberrations and mutations. The DNA damage caused by excessive ROS may be another important inducer in carcinogenesis [47] . Accelerated mitochondrial ROS generation causes damage to mitochondrial membrane damage and ROS leakage into the cytosol, which, may damage other organelles [29] . Since autophagy selectively targets and removes these obsolete organelles (damaged mitochondrial and ER proteins), it will limit ROS amplification [30] . Therefore, oncogenic activation either by down regulation or inactivation of an autophagic gene may be considered a breakdown of this cellular protection machinery.
In summary, the present study shows that high glucose milieu promotes autophagy in podocytes. This effect of high glucose is mediated by mitochondrial ROS generation. Electron microscopic evaluation of autophagy in podocytes of control rats and diabetic rats. Effects of high glucose on the generation of reactive oxygen species (ROS) by podocytes. Equal numbers of CIMPs were incubated in serum-free medium containing 2′,7′-dichlorofluorescein diacetate (DCFDA, 10 mM) for 40 min, followed by incubation in medium containing either normal glucose or high glucose for 60 min. ROS generation was recorded at the indicated time periods. * P<0.05 compared with respective control. normal levels of glucose compared to high levels of glucose. Table 1 Metabolic and physical parameters. 
